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Alcohol use disorder (AUD) is a major health, social and economic problem for
which there are few effective treatments. The opiate antagonist naltrexone is currently
prescribed clinically with mixed success. We have used naltrexone in an established
behavioral assay (CAFE) in Drosophila melanogaster that measures the flies’ preference
for ethanol-containing food. We have confirmed that Drosophila exposed to ethanol
develop a preference toward this drug and we demonstrate that naltrexone, in a dose
dependant manner, reverses the ethanol-induced ethanol preference. This effect is not
permanent, as preference for alcohol returns after discontinuing naltrexone. Additionally,
naltrexone reduced the alcohol-induced increase in protein kinase C activity. These
findings are of interest because they confirm that Drosophila is a useful model for
studying human responses to addictive drugs. Additionally because of the lack of a
closely conserved opiate system in insects, our results could either indicate that a
functionally related system does exist in insects or that in insects, and potentially also
in mammals, naltrexone binds to alternative sites. Identifying such sites could lead to
improved treatment strategies for AUD.
Keywords: ethanol, CAFE assay, PKC, opiate antagonist, Drosophila melanogaster, naltrexone
INTRODUCTION
Alcohol abuse and alcohol use disorder (AUD, commonly referred to as alcohol addiction)
are global health problems with major social, mental health, and economic consequences
(Gilmore et al., 2016). AUD is a complex disease affected by both genetic and environmental
factors (Flatscher-Bader and Wilce, 2009). The molecular mechanisms resulting from alcohol
consumption and leading to alcohol use disorder are still not completely understood. Clinically,
AUD is currently treated with mixed success using both psychological and drug therapies.
With respect to the latter, acamprosate (Kufahl et al., 2014), naltrexone (Hendershot et al.,
2016) and more recently nalmefene (Soyka, 2016) have been the most widely used drugs
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for treating AUD. However, clinical studies have yet to
conclusively demonstrate the general effectiveness of these drugs
(Arias and Sewell, 2012). Naltrexone is an opiate antagonist
believed to exert its action on alcohol craving and relapse by
blocking the µ opiate receptors which are involved in the
molecular mechanisms of addiction (Gilpin and Koob, 2008).
Although the mechanisms of ethanol induced behavioral changes
are not well understood, it is known that ethanol alters the
function of a number of neurotransmitters receptors (Liang and
Olsen, 2014) and affects signal transduction including an increase
in Protein Kinase C activity (Wilkie et al., 2007), which in turn
also affects neurotransmitter receptors (Kumar et al., 2006).
Opiate peptides and receptors have been implicated in
addiction mechanisms in response to many psychoactive
substances including alcohol (Koob and Volkow, 2016).
However, the potential of using opiate receptors as a therapeutic
target for AUD remains controversial and indeed the use of
naltrexone and nalmefene in the clinic has arisen from empirical
observations rather than an understanding of their mechanism
of action.
A variety of rodent models have been developed to try
dissecting the molecular components of addictive behaviors
(Crabbe, 2014). The fruit fly Drosophila melanogaster has
proven to offer several advantages which include displaying
simple alcohol-induced behaviors such as motor impairment
and sedation, and the availability of a wide range of mutants
for both reverse and forward genetics (Devineni and Heberlein,
2013; Park et al., 2017). Drosophila have an intrinsic capacity
of sensing alcohol and indeed, identifying alcohol sources in
rotting fruit, is part of the female’s egg-laying strategy when
deciding where to position the eggs for the maximal benefit to
the larvae (Yang et al., 2008). Several studies have shown that
when flies are repeatedly exposed to ethanol levels of up to 10–
15% they develop a behavior that suggests that the flies have
had a rewarding experience and that they seek more ethanol
(Devineni and Heberlein, 2013; Peru Y Colón de Portugal et al.,
2014). The capillary feeder assay (CAFE) is a convenient method
for assessing the flies preference for alcohol (Ja et al., 2007) and
was used here to determine whether naltrexone could alter the
observed development of preference toward alcohol-containing
food.
The choice ofDrosophila for this studymay seem controversial
due to the lack of evidence for mammalian-like opiate systems in
Drosophila or indeed in insects and other invertebrates. Recently
however, behavioral effects of morphine have been reported in
ants (Entler et al., 2016), crayfish (Huber et al., 2011), and
C. elegans (Cheong et al., 2015). Additionally, two G-protein
coupled receptors with structural homology to mammalian
opioid/somatostatin receptors, but activated by allatostatin-like
peptides, have been described in Drosophila (Lenz et al., 2000;
Kreienkamp et al., 2002). The existence of these opiate-like
systems which may have different activators or effectors, but
result in similar behaviors, is in itself an important area of
investigation because it may elucidate novel mechanisms in
mammalian systems.
We show here that naltrexone reduces the preference for
consumption of alcohol-containing food in flies previously
exposed to alcohol and in the same flies it reduces the alcohol-
induced increase of Protein Kinase C (PKC) activity. This study
thus reinforces the need to further investigate novel targets or
mechanism of action for opiate antagonists in treating AUD.
MATERIALS AND METHODS
Fly Maintenance
Wild type Drosophila Canton S were obtained from Bloomington
Centre (Stock 64349) and maintained at 24◦C, 70% humidity 12
h light/dark cycle on ready made mixed dried food (Batch no:
B8A03876 obtained from Phillip Harris). For all experiments 1–3
day old male flies were used.
CAFE Assay
The previously described CAFE method was adopted (Ja et al.,
2007). The CAFE apparatus consisted of 9 × 1.5 cm (height ×
diameter) tubes where the fly chamber was limited by inserting a
cotton plug (flugs, Dutscher cat 789036) to create two chambers
within the tube. To provide humidity, water (2 ml) was added
to the lower chamber through a small hole created with a hot
needle and plugged with plasticine. The top chamber was 5 cm
high and hosted the flies. All incubations were carried out in
the incubator at 24◦C, 70% humidity. Four 5µl capillary tubes
(cat: CAP-TF-5 Jaytec Glass Ltd UK) were inserted in the top
flug via cut-off pipette tips. Liquid food (5% Sucrose w/v, 5%
w/v yeast extract) with or without 15% ethanol or naltrexone was
loaded into the capillary tubes. Eight 1–3 day old male flies were
anesthetized with CO2 and placed in the chamber. Occasionally
during the whole treatment some flies died, tubes with less than
six flies were discarded. Flies were fed via capillaries for 2 days
with liquid food with or without ethanol (pre-treatment). The
duration of pre-treatment (48 h) and the concentration of ethanol
(15%) were chosen after initial optimization for maximum
preference response and are consistent with other reports (Ja
et al., 2007; Devineni and Heberlein, 2013). Capillaries were
reloaded with food or food plus naltrexone for 24 h. Capillaries
were removed for 24 h. During this starvation period humidity
was maintained by the presence of water in the lower chamber.
Starvation increases consumption during the assay and reduces
variability between groups. Four capillaries reintroduced where
two capillaries contained food and the other two contained food
plus 15% ethanol. The amount of food consumed was measured
in the same batch of flies after 2 and 24 h by placing each
capillary tube under a dissecting microscope aligned to a ruler
with millimeter divisions. A tube containing no flies was used
as control for liquid evaporation and the values were subtracted
from the experimental tubes (corrected values). The preference
index was calculated as the ((corrected ethanol consumption)
− (corrected food consumption))/(corrected total consumption).
Variations of the above protocol are described in the text.
Protein Kinase C Assay
Protein Kinase C (PKC) activity was measured using the
kit from Abcam UK (cat 789036). This is an ELISA-based
system where a peptide with the specific substrate sequence
for the PKC protein family is immobilized on the walls of the
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microtiter plate wells. Samples putatively containing PKC are
incubated in the wells. Antibodies specifically recognizing the
phosphorylated form of the immobilized peptides are added and
detected by enzyme-linked secondary antibodies. Flies were fed
via capillary tubes with either just food (prepared as above),
or food with 15% ethanol for 48 h. Flies were then either
exposed to food or food and 0.1% naltrexone for 24 h and
then sacrificed by snap freezing in liquid nitrogen. Fly heads
were separated by vortexing and homogenized in lysis buffer
[20 mM MOPS, 50 mM β-glycerolphosphate, 50 mM sodium
fluoride, 1 mM sodium vanadate, 5 mM EGTA, 2 mM EDTA,
1% NP40, 1 mM dithiothreitol (DTT), 1 mM benzamidine, 1
mM phenylmethanesulphonylfluoride (PMSF)] and either stored
at −20◦C or used immediately according to the manufacturer’s
instructions. Absorbance of each well was measured in a
microtiter plate scanner. The protein content of the samples were
estimated by a Bradford assay using bovine serum albumin as a
standard. The specific activity of protein kinase C was calculated
as absorbance value of the ELISA assay divided by absorbance
value of the protein assay.
Statistical Calculations
Data was analyzed with the statistical package Graph Pad. Data
were first analyzed for normal distribution by Shapiro-Wilk
normality test. If it passed the normality test (alpha = 0.05)
parametric tests were used (Figures 1–3) alternatively non-
parametric tests were used (Figures 4, 5) A preference index
calculated from one tube containing 6–8 flies was considered as
n= 1. Results were considered statistically significant if p< 0.05.
RESULTS
Alcohol Preference Is Induced by Ethanol
Pre-exposure and Inhibited by Naltrexone
Drosophila were housed in the CAFE apparatus for 2 days and
either fed liquid food or, in separate tubes, liquid food with
15% ethanol. After a 24 h starvation period flies were offered a
choice of food with and without ethanol and the consumption
from the capillary tubes was measured at 2 and 24 h (Figure 1).
Flies with previous exposure to ethanol showed preference for
ethanol-containing food, unlike the naive flies. Similar levels of
preference were observed whether the first 2 or 24 h of food
consumption were measured suggesting that the effect is due
to the pre-exposure to ethanol rather than familiarity with the
apparatus during the assay. The assay is thus measuring an
established rather than a developing behavior.
To test the effect of naltrexone on alcohol preference, ethanol
pre-exposed flies were fed food containing 0.05–0.5% naltrexone
for 24 h, then starved for 24 h before testing for alcohol
preference in the CAFE assay (Figure 2). The naltrexone dose
range was chosen to include approximate equivalent values of
the mg/kg bodyweight amounts used in mammalian systems
(Critcher et al., 1983). The results in Figure 2 indicate that
naltrexone had an overall significant (p < 0.0001) effect in
reversing ethanol preference however there was no significant
difference between adjacent doses tested. This result suggests that
naltrexone acts on a specific target to induce its effect. High doses
FIGURE 1 | Preference assay for naive or ethanol exposed flies.
Preference indices were measured at 2 and 24 h in the same batch of flies.
Columns represent three independent experiments, each consisting of three
assay tubes containing 6–8 flies each. n = 9. Error bars are SEM. Statistical
significance was measured by two-way ANOVA with Bonferroni multiple
comparisons test. The effect of alcohol treatment was highly significant
p < 0.0001 (horizontal line with*). The effect of time was not significant
p = 0.635.
of naltrexone appeared to cause an avoidance of ethanol (negative
preference values shown in Figure 2) however, naive flies exposed
to 0.1% naltrexone did not show negative preference (data not
shown), thus the effect of naltrexone appears to be related to the
response to ethanol.
The Effect of Naltrexone on Alcohol
Preference Is Not Permanent
To test whether naltrexone permanently reverses alcohol
preference in Drosophila we introduced an additional step in
the treatment of the flies whereby after the naltrexone treatment
(0.05%), flies were fed normal food for 24 h before being starved
and tested in the CAFE assay. This was carried out to allow
naltrexone to be fully metabolized and thus presumably being
absent during the CAFE assay. Flies treated in this manner
showed preference for alcohol equal to those never exposed to
naltrexone, while as previously shown in Figure 2, in the flies
tested in the CAFE assay within 24 h of the end of the naltrexone
treatment, the preference for ethanol was no longer detectable
(Figure 3).
Total Food Consumption Is Not Affected by
Ethanol or Naltrexone
To emphasize the concept that ethanol alters a decision making
process (preference) rather than an instinctive physiological
behavior (food consumption) we present the data for total food
consumption, i.e., the sum of “food only” and “food + ethanol”
consumed by the flies in each vial. The data shown in Figure 4
is derived from sets of triplicate assays carried out on the same
batch of flies for each experiment. No significant difference
(p > 0.9) can be observed between the total food consumptions
when comparing flies exposed or not exposed to ethanol(15%)
whether the preference assay is carried out for 2 or 24 h or when
comparing flies exposed to ethanol (15%) alone with flies exposed
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FIGURE 2 | Concentration dependent effect. Preference assay for ethanol
exposed flies fed with naltrexone (0–0.5% w/v) for 24 h before being starved
for 24 h and tested for ethanol preference in the CAFE assay. Preference
indices measured at 2 and 24 h. Columns represent three independent
experiments, each consisting of three assay tubes containing 6–8 flies each.
n = 9. Error bars are SEM. Statistical significance was measured by two-way
ANOVA with Bonferroni multiple comparisons test. The effect of naltrexone
treatment was overall highly significant p < 0.0001 but there was no statistical
difference between consecutive naltrexone concentrations tested. The effect
of time was not significant p = 0.175.
to ethanol(15%) and naltrexone (Figure 4). We did observe some
variation between batches of flies: for example the total food
consumption of the flies labeled as “exposed to ethanol and 0%
naltrexone” is slightly higher (but not significantly, p = 0.99)
than flies labeled as “ethanol exposed” which is the effectively the
same treatment. These small variations in total food consumption
occur between different batches of flies and may be due to
factors such as age distribution (all flies are between 0 and 5
days old at the start of the experiment) room temperature, small
differences in the time of the day the experiment is carried
out. However, despite these small insignificant variations in total
food consumption (see Supplementary Table 1), we consistently
observe significant changes in the preference index induced by
ethanol and suppressed by naltrexone as shown in Figures 1–3.
Naltrexone Affects Ethanol-Induced PKC
Activity
In order to broaden the investigation of the behavioral effect of
naltrexonon alcohol induced events, we chose to biochemically
investigate the known phenomenon of the increase of level of
PKC following ethanol stimulation. Using an ELISA assay to
measure PKC activity in fly head extracts, we have confirmed
that like in mammals, ethanol consumption (food with 15%
ethanol for 48 h followed by food only for 24 h) induced
a statistically significant increase (p= 0.037) in PKC activity
(Figure 4). However, flies exposed to naltrexone (food with 15%
ethanol for 48 h followed by food with 0.1% naltrexone for 24
h) showed no statistically significant increase in PKC, indicating
that naltrexone affected the ethanol-induced increase in PKC
activity. Flies exposed to naltrexone alone, in the absence of
FIGURE 3 | Time duration of naltrexone effect. Flies were treated according to
schemes a–c described in the top part of the figure. Preference indices were
measured after 2 h. Each bar represents three experiments with triplicate
assays containing 9 flies each, n = 9. Error bars are SEM. One-way ANOVA
with Bonferroni multiple comparison analysis showed a significant difference
between group a and b, and b and c, p < 0.001, but not between a and c
with p = 0.506.
any alcohol treatment, showed no change in basal PKC activity
(Figure 5).
DISCUSSION
In this work we have used the CAFE assay (Ja et al., 2007) to study
long term Drosophila response to alcohol consumption. We have
confirmed that preference for ethanol-containing food is induced
by previous exposure to ethanol as opposed to being induced
by preference in taste or immediate reward, because naive flies
that were exposed to the ethanol-containing food for 24 h did not
show significant preference (Figure 1). The novel aspect of our
work is that we have provided evidence that the opioid antagonist
naltrexone can neutralize ethanol preference in flies previously
exposed to alcohol. The overall effect of naltrexone was dose
dependant and at higher doses naltrexone caused a negative
preference (repulsion) for ethanol-containing food (Figure 2). It
is not possible to conclude from these experiments whether the
reduction of preference and the induction of aversion are part
of the same phenomena or are two separate processes requiring
different concentrations of naltrexone.
The effect of naltrexone appeared to be short lived: ethanol
pre-exposed flies that were allowed to recover a total of 48 h
(24 h food + 24 h starvation) after naltrexone treatment before
being tested in the CAFE assay, showed the same level of ethanol
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FIGURE 4 | Food consumption. Flies were either exposed or unexposed to
15% ethanol for 48 h or exposed to ethanol for 48 h followed by treatment
with 0 or 0.1% naltrexone. The consumption was measured over a period of 2
or 24 h as indicated. Each column represents triplicate assays containing 6
flies each, n = 3. Error bars are SEM. One-way ANOVA with Kruskall-Wallis
multiple comparison analysis showed no significant difference (p > 0.9)
between any of the groups where consumption was measured for the same
length of time. The Preference indices for the data shown for this figure for the
6 columns left to right are 0.0; 0.16; 0.02; 0.26; 0.48; 0.03.
FIGURE 5 | PKC Kinase activity assay. PKC assay of homogenates from
heads of flies exposed to food for 72 h (Unexposed), exposed to food for 48 h
and treated with naltrexone for 24 h (Unexposed + naltrexone) exposed to
ethanol for 48 h and food for 24 h (Ethanol exposed) or exposed to ethanol
48 h followed by naltrexone for 24 h (Ethanol exposed + naltrexone). Each bar
represent two independent experiments each consisting of triplicate assays
containing 15 fly heads each. n = 6. Error bars are SEM. Data was analyzed
by non-parametric one way ANOVA Kruskal-Wallis with post-hoc comparison
to Unexposed flies. The only statistical difference was between Unexposed
and Ethanol exposed *p = 0.037.
preference as flies that had not been exposed to naltrexone
(Figure 3). The fact that the ethanol-induced alcohol preference
is longer lived than the effect of naltrexone would suggest that
while alcohol has a chronic effect that persists beyond the time
in which alcohol is still present in the system, naltrexone has
a more acute effect. This would suggest that either naltrexone
activates a system that counteracts the alcohol-induced effect
or that naltrexone antagonizes an opiate-like system that is
an integral part of the development of the alcohol-induced
alcohol preference. From the behavioral experiments presented
here it is not yet possible to determine the exact mechanism
of action of naltrexone in Drosophila. To exclude possible
confounding factors we have observed that ethanol treatment
with or without naltrexone did not affect the total amount of
food consumed when the flies were given the choice of food with
or without ethanol; indeed the total consumption of any food
at any stage of the experiment showed no significant variations
(Figure 4). Additionally, administration of naltrexone prior to
the initial 48 h ethanol exposure did not affect the induction
of ethanol preference (data not shown). It thus appears that
naltrexone affects preferentially the behavioral seeking of ethanol
in ethanol-exposed flies. The dopaminergic system is known to
be implicated in addictive mechanisms in Drosophila (Azanchi
et al., 2013; Aranda et al., 2017) and in the mammalian nervous
system this is influenced by the opiate system (Koob and Volkow,
2016), further work is required to investigate this relationship in
Drosophila.
The underlying theory of addiction behavior is that
psychoactive substances cause long term changes at the
cellular and molecular level which then result in behavioral
changes (Nestler, 2014). To investigate whether naltrexone
altered any of the known ethanol-induced biochemical changes
we chose to investigate its impact on PKC activation. In
mammals, chronic ethanol exposure causes an increase in PKC
activity (Wilkie et al., 2007) while in Drosophila inactivation
of PKC genes cause a desensitization to ethanol (Chen et al.,
2010). Our data indicates that PKC phosphorylation is elevated
in flies exposed to ethanol as compared to naive flies. This
result, which to our knowledge is the first direct measurement
of ethanol-induced PKC increase in Drosophila, further justifies
the use of Drosophila as a model for the study of mammalian
addiction mechanisms. Moreover, we demonstrate here that
naltrexone affected the ethanol-induced increase of PKC to the
extent that in naltrexone-treated ethanol-exposed flies PKC
activity was no longer significantly different from unexposed
flies (Figure 5). It should be noted that the specificity for PKC in
this assay is based on the sequence of the peptide immobilized
on the ELISA plates, it is possible that other kinases may have
contributed to the phosphorylation process. The results shown in
this study do not provide details of the mechanism of action for
naltrexone with respect to PKC activity, but confirm the ability of
naltrexone to alter alcohol-induced phenomena. Previous work
in mammalian systems on the effect of naltrexone on PKC have
reported an increase in PKC expression (Yu et al., 2011) and an
antagonistic effect on ethanol induced increase of PKC activity
(Oh et al., 2006). While further elucidating the role of PKC in
addiction processes would be of interest, our aim for this study
was to demonstrate that naltrexone reduces both an alcohol-
induced behavior (ethanol-induced alcohol preference) and an
alcohol-induced biochemical process (ethanol-induced increase
in PKC activity). Taken together these findings justify further
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work to investigate the mechanism of action of naltrexone in
Drosophila and in mammalian systems. Indeed, it would also be
of interest to understand how the putative naltrexone response
system interacts with the dopaminergic system which is known
to be involved in addiction behaviors and other related functions
such as memory (Kaun and Rothenfluh, 2017) and circadian
rhythms (De Nobrega and Lyons, 2016).
Understanding the mechanism of action of naltrexone
in Drosophila is complicated by the fact that unlike other
mammalian neurotransmitter receptors, the opioid receptors are
not highly conserved in Drosophila. Two opioid/somatostatin-
like receptors Drostar-1 and -2 and their endogenous allatostatin-
like peptides have been identified in Drosophila (Lenz et al.,
2000; Kreienkamp et al., 2002), however further work would be
required to investigate whether naltrexone interacts with drostar
receptors which do not respond to mammalian opiate peptides
(Kreienkamp et al., 2002). The implication of this work is that
either naltrexone binds in Drosophila to an as yet unidentified
receptor which is functionally but not structurally related to
mammalian opiate receptors or that naltrexone operates through
another target and mechanism in Drosophila. In the latter case
it would be of interest to identify such a Drosophila target as
there may be an homologous mammalian target that could help
elucidate the mechanism of action of naltrexone and possibly be
a target for improved treatment of AUD.
AUTHOR CONTRIBUTIONS
RK obtained most of the data presented, NL contributed to
the initial idea of using naltrexone, JJ and NL carried out
initial experiments to develop the techniques, SA and OC
contributed ideas to the project, analyzed the results and edited
themanuscript, SC lead the project and wrote themanuscript. All
authors reviewed the manuscript.
ACKNOWLEDGMENTS
This project was funded by the University of East London via a
start-up grant to SC. RK, NL, and JJ were self-funded students.
SUPPLEMENTARY MATERIAL




Aranda, G. P., Hinojos, S. J., Sabandal, P. R., Evans, P. D., and Han, K. A.
(2017). Behavioral sensitization to the disinhibition effect of ethanol requires
the dopamine/ecdysone receptor in drosophila. Front. Syst. Neurosci. 11:56.
doi: 10.3389/fnsys.2017.00056
Arias, A. J., and Sewell, R. A. (2012). Pharmacogenetically driven
treatments for alcoholism: are we there yet? CNS Drugs 26, 461–476.
doi: 10.2165/11633180-000000000-00000
Azanchi, R., Kaun, K. R., and Heberlein, U. (2013). Competing dopamine neurons
drive oviposition choice for ethanol in drosophila. Proc. Natl. Acad. Sci. U.S.A.
110, 21153–21158. doi: 10.1073/pnas.1320208110
Chen, J., Zhang, Y., and Shen, P. (2010). Protein kinase c deficiency-induced
alcohol insensitivity and underlying cellular targets in drosophila.Neuroscience
166, 34–39. doi: 10.1016/j.neuroscience.2009.12.009
Cheong, M. C., Artyukhin, A. B., You, Y. J., and Avery, L. (2015). An
opioid-like system regulating feeding behavior in c. elegans. Elife 4:e06683.
doi: 10.7554/eLife.06683
Crabbe, J. C. (2014). Use of animal models of alcohol-related behavior.
Handb. Clin. Neurol. 125, 71–86. doi: 10.1016/B978-0-444-62619-6.
00005-7
Critcher, E. C., Lin, C. I., Patel, J., and Myers, R. D. (1983). Attenuation of alcohol
drinking in tetrahydroisoquinoline-treated rats by morphine and naltrexone.
Pharmacol. Biochem. Behav. 18, 225–229. doi: 10.1016/0091-3057(83)90367-2
De Nobrega, A. K., and Lyons, L. C. (2016). Circadian modulation of alcohol-
induced sedation and recovery in male and female drosophila. J. Biol. Rhythms
31, 142–160. doi: 10.1177/0748730415627067
Devineni, A. V., and Heberlein, U. (2013). The evolution of Drosophila
melanogaster as a model for alcohol research. Annu Rev. Neurosci. 36, 121–138.
doi: 10.1146/annurev-neuro-062012-170256
Entler, B. V., Cannon, J. T., and Seid, M. A. (2016). Morphine addiction in ants:
a new model for self-administration and neurochemical analysis. J. Exp. Biol.
219(Pt 18):2865–2869. doi: 10.1242/jeb.140616
Flatscher-Bader, T., and Wilce, P. A. (2009). The effect of alcohol and nicotine
abuse on gene expression in the brain. Nutr. Res. Rev. 22, 148–162.
doi: 10.1017/S0954422409990114
Gilmore, W., Chikritzhs, T., Stockwell, T., Jernigan, D., Naimi, T., and Gilmore,
I. (2016). Alcohol: taking a population perspective. Nat. Rev. Gastroenterol.
Hepatol. 13, 426–434. doi: 10.1038/nrgastro.2016.70
Gilpin, N. W., and Koob, G. F. (2008). Neurobiology of alcohol dependence:
focus on motivational mechanisms. Alcohol. Res. Health 31, 185–195.
Hendershot, C. S., Wardell, J. D., Samokhvalov, A. V., and Rehm, J. (2016). Effects
of naltrexone on alcohol self-administration and craving: meta-analysis of
human laboratory studies. Addict. Biol. 22, 1515–1527. doi: 10.1111/adb.12425
Huber, R., Panksepp, J. B., Nathaniel, T., Alcaro, A., and Panksepp, J. (2011).
Drug-sensitive reward in crayfish: an invertebrate model system for the study
of seeking, reward, addiction, and withdrawal. Neurosci. Biobehav. Rev. 35,
1847–1853. doi: 10.1016/j.neubiorev.2010.12.008
Ja, W. W., Carvalho, G. B., Mak, E. M., de la Rosa, N. N., Fang, A. Y., Liong, J. C.,
et al. (2007). Prandiology of drosophila and the cafe assay. Proc. Natl. Acad. Sci.
U.S.A. 104, 8253–8256. doi: 10.1073/pnas.0702726104
Kaun, K. R., and Rothenfluh, A. (2017). Dopaminergic rules of engagement
for memory in drosophila. Curr. Opin. Neurobiol. 43, 56–62.
doi: 10.1016/j.conb.2016.12.011
Koob, G. F., and Volkow, N. D. (2016). Neurobiology of addiction: a neurocircuitry
analysis. Lancet Psychiatry 3, 760–773. doi: 10.1016/S2215-0366(16)00104-8
Kreienkamp, H. J., Larusson, H. J., Witte, I., Roeder, T., Birgul, N., Honck, H. H.,
et al. (2002). Functional annotation of two orphan g-protein-coupled receptors,
drostar1 and -2, from drosophila melanogaster and their ligands by reverse
pharmacology. J. Biol. Chem. 277, 39937–39943. doi: 10.1074/jbc.M206931200
Kufahl, P. R., Watterson, L. R., and Olive, M. F. (2014). The development of
acamprosate as a treatment against alcohol relapse. Expert Opin. Drug Discov.
9, 1355–1369. doi: 10.1517/17460441.2014.960840
Kumar, S., Lane, B. M., and Morrow, A. L. (2006). Differential effects of
systemic ethanol administration on protein kinase cepsilon, gamma, and
beta isoform expression, membrane translocation, and target phosphorylation:
reversal by chronic ethanol exposure. J. Pharmacol. Exp. Ther. 319, 1366–1375.
doi: 10.1124/jpet.106.110890
Lenz, C., Williamson, M., and Grimmelikhuijzen, C. J. (2000). Molecular cloning
and genomic organization of a second probable allatostatin receptor from
drosophila melanogaster. Biochem. Biophys. Res. Commun. 273, 571–577.
doi: 10.1006/bbrc.2000.2964
Frontiers in Physiology | www.frontiersin.org 6 March 2018 | Volume 9 | Article 175
Koyyada et al. Naltrexone Reverses Drosophila Ethanol Preference
Liang, J., and Olsen, R. W. (2014). Alcohol use disorders and current
pharmacological therapies: the role of gabaa receptors. Acta Pharmacol. Sin.
35, 981–993. doi: 10.1038/aps.2014.50
Nestler, E. J. (2014). Epigeneticmechanisms of drug addiction.Neuropharmacology
76(Pt B), 259–268. doi: 10.1016/j.neuropharm.2013.04.004
Oh, D. Y., Jung, K. H., Yang, B. H., Lee, J. S., Choi, I. G., and Chai, Y. G.
(2006). Naltrexone influences protein kinase ce and integrin alpha7 activity in
sh-sy5y neuroblastoma cells. Exp. Mol. Med. 38, 100–106. doi: 10.1038/emm.
2006.12
Park, A., Ghezzi, A., Wijesekera, T. P., and Atkinson, N. S. (2017). Genetics and
genomics of alcohol responses in drosophila. Neuropharmacology 122, 22–35.
doi: 10.1016/j.neuropharm.2017.01.032
Peru Y Colón de Portugal, R. L., Ojelade, S. A., Penninti, P. S., Dove, R. J.,
Nye, M. J., Acevedo, S. F., et al. (2014). Long-lasting, experience-dependent
alcohol preference in drosophila. Addict. Biol. 19, 392–401. doi: 10.1111/
adb.12105
Soyka, M. (2016). Nalmefene for the treatment of alcohol use disorders:
recent data and clinical potential. Exp. Opin. Pharmacother. 17, 619–626.
doi: 10.1517/14656566.2016.1146689
Wilkie, M. B., Besheer, J., Kelley, S. P., Kumar, S., O’Buckley, T. K., Morrow, A. L.,
et al. (2007). Acute ethanol administration rapidly increases phosphorylation
of conventional protein kinase c in specific mammalian brain regions in vivo.
Alcohol. Clin. Exp. Res. 31, 1259–1267. doi: 10.1111/j.1530-0277.2007.00423.x
Yang, C. H., Belawat, P., Hafen, E., Jan, L. Y., and Jan, Y. N. (2008). Drosophila
EGG-laying site selection as a system to study simple decision-making
processes. Science 319, 1679–1683. doi: 10.1126/science.1151842
Yu, J., Halder, D., Baek, M. N., Das, N. D., Choi, M. R., Oh, D. Y., et al. (2011).
Changes in the expression of transthyretin and protein kinase c genes in
the prefrontal cortex in response to naltrexone. Neurosci. Lett. 488, 288–293.
doi: 10.1016/j.neulet.2010.11.049
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Koyyada, Latchooman, Jonaitis, Ayoub, Corcoran and Casalotti.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Physiology | www.frontiersin.org 7 March 2018 | Volume 9 | Article 175
